A dynamic flow model, which maps carrier gas pressures and carrier gas flow rates through the first dimension separation column, the modulator sample loop, and the second dimension separation column(s) in a pulsed-flow modulation comprehensive two-dimensional gas chromatography (PFM-GC×GC) system is described. The dynamic flow model assists design of a PFM-GC×GC modulator and leads to rapid determination of pneumatic conditions, timing parameters, and the dimensions of the separation columns and connecting tubing used to construct the PFM-GC×GC system. Three significant innovations are introduced in this manuscript, which were all uncovered by using the dynamic flow model. A symmetric flow path modulator improves baseline stability, appropriate selection of the flow restrictors in the first dimension column assembly provides a generally more stable and robust system, and these restrictors increase the modulation period flexibility of the PFM-GC×GC system. The flexibility of a PFM-GC×GC system resulting from these innovations is illustrated using the same modulation interface to analyze Special Antarctic Blend (SAB) diesel using 3 s and 9 s modulation periods.
Introduction
Pulsed-flow modulation (PFM) permits comprehensive two-dimensional gas chromatography (GC×GC) without recourse to liquid cryogen. A PFM-GC×GC modulation interface can be constructed from readily available capillary connection fittings, a three-way gas switching valve, and a suitable timing device to trigger valve actuation (1) . Despite the physical construction of the PFM interface being apparently facile, selection of operating parameters and column dimensions that lead to optimum performance is not necessarily straightforward. PFM-GC×GC has been touted as a low-cost alternative to cryogenic modulation, but one obvious advantage of employing a liquid cryogen to perform GC×GC modulation is that the modulation period can be readily changed to optimize a GC×GC separation. For instance, the longitudinally modulated cyrogenic system (LMCS) pioneered by Marriott's group has been used without any system modification as fast as 1.0 s for fast GC×GC (2) and up to 7.5 s to accommodate longer second dimension separation times in enantio-GC×GC (3) . This flexibility is a common feature in all cryogenic modulation systems. Conversely, a survey of the literature reveals that the range of modulation conditions utilized with PFM-GC×GC is limited. A summary of these operating conditions is provided in Table I . Notwithstanding the demonstrable utility of the PFM-GC×GC modulation device developed by Seeley et al. (1, 4, 5, 7, 9) , it is highly likely that extending the types of samples amenable to analysis will require modification of the limited range of conditions hitherto employed. In particular, being able to increase the modulation period is a desirable attribute, which reduces the deleterious effects of wrap-around. Of course other measures such as temperature program and choice of stationary phase are equally important in optimizing a GC×GC separation, but there is considerable evidence in the literature that it is important to be able to easily change the modulation period. While fuel analysis is often reported using 1.5 s between successive injections into the second dimension separation column (1, 5, 6, 8 ), a 6 s modulation period is more favorable for analysis of strongly retained analytes such as fatty acid methyl esters (10) . In a more extreme case, Kaal et al. used a 10 s modulation period in their GC×GC-MS method for the analysis of hydrolyzed sulfonated kraft lignins (11) . Unfortunately, changing the modulation period in a PFM-GC×GC system is not as straightforward as the cryogenic modulator example. Amirav and co-workers have addressed this problem by using a larger volume sample loop, which is partially filled during the "fill time" phase of modulation, demonstrating an extended modulation period of 4 s (6, 8) .
Design Considerations For Pulsed-Flow Comprehensive
Currently any modification to a PFM-GC×GC system relies on an iterative re-optimization of the pneumatic conditions, timing parameters, and the capillary dimensions used to construct the system. This paper introduces four important developments that improve upon this approach: (i) a numerical model that successfully describes how carrier gas flows vary during the modulation cycle throughout the first and second dimension separation columns and the entire set of capillaries used to construct the PFM-GC×GC modulator, (ii) use of the model to provide a detailed understanding of the effects on modulation of changing modulation timing and/or carrier gas flow rates, (iii) the introduction of a symmetrical PFM-GC×GC modulator design to smooth carrier gas flow rate at the outlet of the second dimension separation column(s), (iv) demonstration that the inclusion of restrictor tubing in the first dimension adds stability and flexibility to a PFM-GC×GC modulator.
Theory
The dynamic flow model introduced here tracks the carrier gas flow through a PFM-GC×GC column ensemble. In particular, the carrier gas flow is modeled in small time steps through all separation columns and through the modulator sample loop during the modulation cycle. A dynamic model is required because the first dimension separation column and the modulator sample loop of the PFM-GC×GC column ensemble have oscillating end pressure during modulation. Figure 1 illustrates a PFM-GC×GC system. In the "load" state, the second dimension carrier gas is delivered via the tubing labeled "c" and the first dimension column effluent is loaded into the modulator sample loop (b). By actuating the three-way valve, the second dimension carrier gas is delivered via the tubing labeled "a" into "b" and injects the contents of the modulator sample loop ("b") into the second dimension column and any split transfer line. In a properly functioning modulator, flow from the first dimension column is stopped during this brief "flush" phase of the modulation cycle. In this case, a system that employs a cross-union connecting the end of the modulator sample loop to the inlet of the second dimension separation column is illustrated. The split transfer line is drawn with a broken line to illustrate that this component is optional. An alternative arrangement employs a tee-union in place of the cross-union, and the split transfer line is not installed.
The equations necessary to describe the flow through a typical GC×GC column set (i.e., using thermal modulation with two columns joined in series) are described in detail elsewhere (14) (15) (16) . In order to model the flow during valve actuation in a PFM-GC×GC system, additional calculations are required to determine the pressure (p union ) at the unions in the modulator so that flow can be correctly apportioned. A union can be considered as a point with n inlets. When each arm of a union is considered to be an inlet, we must use +ve or -ve signs to indicate if the direction of the gas flow is towards the union or away from the union, respectively. Under steady-state conditions the volume of gas flowing towards the union is equal to the volume of gas flowing away from the union, so:
where F is volumetric flow rate and the subscripts indicate particular arms of the union. For a tee-union n = 3 and n = 4 for a cross-union, it follows that:
Eq. 1
where: L n is the standardized length (14) of the capillary tubing connected to the union, r n is the standardized radius (14) of the tubing connected to the union, p ref is a reference pressure, η is dynamic gas viscosity), and p 1 -n are the connecting tubing inlet pressures (keeping in mind that the union is assumed to be the outlet). Rearrangement of Eq. 1 leads to: ____________
Using Eq 2, p union can be determined for a union of n outlets, where n ≥ 2.
Experimental Dynamic flow model
The dynamic flow model computer program uses a finite difference method (explicit method) to calculate gas flow changes induced by repeatedly switching the external three-way valve in the PFM-GC×GC system. Figure 2 outlines the sequence of calculations. A small set of input data are required, which include the temperature program details and carrier gas type as well as dimensions of the capillary tubing used to construct the PFM-GC×GC device. This capillary tubing is numerically divided into portions of length 0.1 m to 2 m with the smaller 0.1-m length segments clustered around the modulator tubes (a, b, and c shown in Figure 1 ), the outlet of the first dimension column, the inlet of the second dimension column, and the inlet of the split transfer line. Hydrogen carrier gas was used for all examples shown in this manuscript. The first-and second-dimension carrier gas flow rates are also required inputs. The program calculates the steady-state pressures p 1 -p n in the "modulator sample loop fill position" and estimates the number of moles of carrier gas present in each segment of capillary at time t = 0. Thus, the initial flow at a reference pressure in each segment of the column ensemble is calculated. The calculated flow rate in each segment is assumed to remain constant for a small (< 0.001 s) time step t, which permits the number of moles of gas leaving each segment during the time step t to be calculated. The program recognizes that the number of moles of carrier gas exiting one column segment during the time step equals the number of moles entering the next column segment in the column ensemble during the same time step. A new set of p o values for every connected column segment(s) is calculated during each calculation cycle, and a sequence of repetitive calculations is performed. Valve actuation is modeled by changing the allowable boundary pneumatic conditions. It is usually sufficient to model only a few modulation cycles, which are represented by ca. 10 4 individual time steps, and it is also appropriate to check that the conditions are suitable at the start and end of the temperature program as well as one point at the middle oven temperature. If the criteria for modulation are met at these three points, by interpolation between these points we assume that all other conditions are appropriate.
PFM-GC×GC
All GC×GC separations were performed using an Agilent 6890N gas chromatograph (Santa Clara, CA). The instrument was fitted with a flame ionization detector (FID), split/splitless injector, and a three-channel auxiliary electronic pressure controller. Data were collected (200 Hz) using Agilent MSD Chemstation software. The first dimension column used in all analyses was a 15 m × 0.22 mm i.d. column from SGE Analytical Science (Ringwood, Australia) with a 0.25-µm film thickness and 100% polydimethylsiloxane stationary phase. The second dimension column was a 5 m × 0.25 mm i.d. column from SGE Analytical Science with 0.25-µm film thickness and 8% phenyl (equiv.) polycarborane-siloxane stationary phase. All of the connecting tubing in the modulator was 0.25 mm i.d. deactivated fused silica capillary tubing unless otherwise stated in the figure legend. All connecting tubing was from Restek (Bellefonte, PA). The three-way switching valve (part number 091-0094-900) was from Parker Hannifin (Castle Hill, Australia). Actuation of this three-way valve was controlled using a purpose-built digital timer (SciElex, Kingston, Australia). Agilent MSDChemstation software was used to signal the digital timer to commence modulation at a precise time to minimize run-to-run retention time variability. Valco tee-unions or cross-unions (Grace Davison Discovery Sciences, Rowville, Australia) were used to construct the modulator. The temperature program used for the 3 s modulation separation of SAB was 40°C (hold 4 min), 40°C-230°C (6°C/min). The temperature program used for the 9 s modula- tion separation of SAB was 40°C (hold 15 min), 40°C-220°C (1°C/min), 220°C (hold 5 min). Hydrogen carrier gas was used for all analyses.
Samples
The Special Antarctic Blend diesel (SAB) check sample was collected by the Australian Antarctic Division during bunkering of the ship Aurora Australis. This SAB sample was used as received. A 1-µL split injection of neat SAB was performed using a split ratio of 300:1.
Results and Discussion
The preliminary work leading up to the present study essentially sought to reproduce published modulator configurations and investigate the potential to use different modulation periods. However, large detector signal fluctuations were observed when the external three-way valve was actuated. These findings are consistent with comments made by Poliak et al. (8), who revealed that the second dimension carrier gas flow rate using their PFM-GC×GC setup varies between 20-25 mL/min due to the difference in flow impedance in the transfer lines connecting the three-way valve to the modulator sample loop. This systematic and periodic flow rate perturbation will lead to some FID signal instability. A plot of the calculated second dimension column outlet flow (F co ) as a function of time over four successive 3 s modulations (2.7 s fill; 0.3 s flush) using two modulation devices is shown in Figure 3 . This flow is just the F co value over time from an entire PFM device set of calculations using the dynamic flow model of the entire column set shown in Figure 1 . Figure 1) . While the valve is in the "fill" position, a constant flow rate of 12.5 mL/min flows through the second dimension separation column. When the three-way valve is actuated and held in this position for 0.3 s, the flow impedance between the valve and the second dimension column outlet is lower and the second dimension column outlet flow rapidly increases by ca. 7%. When the valve returns to the original position, the second dimension column outlet flow returns exponentially to 12.5 mL/min, and returns to the 'normal' second dimension column outlet flow rate after ca. 1 s. These calculated flows represent the maximum flow surge that would be produced by such a configuration and that in practice dead volumes and flow impedance within the valve might minimize the surge.
It is also rather intuitive that a symmetric flow path modulator design could have potential in flattening the baseline perturbation. Briefly, in the symmetric flow path design investigated here, the modulator sample loop and the two connection lines are constructed from the same internal diameter fused silica capillary tubing. The lengths (L) of tubing (shown in Figure 1 ) must satisfy the criterion L a + L b = L c . This way, the second dimension column head pressure perturbation is minimized. Figure 3B highlights the advantage of using a symmetric flow path design by tracking the second dimension column outlet flow in a symmetric flow path PFM-GC×GC device, which uses 0.25 mm i.d. tubing throughout. The lengths of the a, b, and c tubing were 0.35 m, 0.30 m, and 0.65 m, respectively. While the valve is in the fill position, a constant flow rate of 12.5 mL/min flows through the second dimension separation column. Compared to the former scenario, there is substantial flow impedance in the modulator sample loop itself, so when the valve switches to the flush position for 0.3 s, the second dimension column outlet flow dips slightly while the carrier gas in this arm of the modulator is compressed and the column pressure is reached. There is a slight perturbation in the second dimension column outlet flow when the valve returns to the fill position, but notably, the magnitude of flow perturbations (both in the negative and positive directions) is less than 1% throughout the entire modulation process. The duration of this flow perturbation is also substantially shorter when a symmetric flow path design is employed, resulting in a more stable baseline in the two-dimensional separation space. The performance of the symmetric flow path design is highly satisfactory, and all results presented in this manuscript were obtained using a symmetric flow path device.
Finely tuned pneumatic conditions are needed for a PFM-GC×GC device to function correctly. To achieve proper modulation, the flow direction of the carrier gas needs to periodically and systematically change at the end of the first dimension column during a GC×GC separation. The modulator sample loop has a fixed volume, so increasing modulation period can lead to breakthrough. Increasing the modulator sample loop volume is one way to address this breakthrough problem (6, 8) , but it will take longer to empty the modulator sample loop as this requires the three-way valve be held in the flush position for a longer time. Increasing the flush time requires a higher pressure at the outlet of the first dimension column to achieve the necessary stop flow state. Both longer pulse times and higher pulse pressures lead to greater flow perturbation in the first dimension column. An alternative way to alleviate this breakthrough is to reduce the first dimension column flow rate, but this option needs to be used with caution because the pressure pulse caused by actuating the valve can again easily cause unnecessarily high flow perturbation in the first dimension column. Iterative optimization of these parameters is not desirable for two reasons, namely (i) the time required to construct and test the PFM-GC×GC device is potentially excessive, and (ii) the final parameters may not be truly optimal.
The dynamic flow model program correctly apportions the flow of carrier gas through each arm of the tee-or cross-union and then quickly and unambiguously shows if the conditions are suitable for PFM-GC×GC. A typical output of the dynamic flow model program is shown in Figure 4 (see page 12A) . Figure 4 is a contour plot of flow (as sccm) along the length of the primary column (x-axis) over a period of time (y-axis). In this figure, two modulations are shown with backflow towards injector set as negative (and white in color) and normal flow towards the modulator as shown in the coloured contours. Importantly, every piece of capillary tubing (i.e., primary column, secondary column, optional split transfer line, and the modulator tubes a, b, and c from Figure 1 ) has a similar output of calculated flows across length and time during the modulation process. Investigation of the flow profile for each capillary will show how this flow responds to valve actuation. A narrow internal diameter retention gap (before the first dimension separation column) is included in this column set. We have determined that this retention gap is often important because it increases the required injector pressure. In scenarios in which low first dimension carrier gas flow rates are used (and therefore have a small pressure drop in the first dimension column), this additional inlet pressure provides a greater difference between the first and second dimension inlet pressures (measured at the electronic pressure controller) and improves modulator stability. It is also difficult to accurately control the carrier gas flow rate in a column with a small pressure drop when there is a fluctuating column outlet pressure. A 3 s modulation period (2.9 s fill time, 0.1 s flush time) is chosen for this illustration with a first dimension column flow rate of 0.3 mL/min and a second dimension flow rate of 12.5 mL/min (plus 12.5 mL/min in the split transfer line). An ideal modulator would stop the flow from the first dimension column assembly for 0.1 s, and the flow rate would rapidly return to the original flow rate of 0.3 mL/min. Here, it is apparent the outlet pressure is excessive, and the direction of flow in the first dimension column assembly is reversed up to 4 m along the column. The original flow rate of 0.3 mL/min is not regained before the valve actuates to perform the next modulation. This extreme flow perturbation cannot be alleviated by making changes to the carrier gas flow rate(s) alone.
Having performed many calculations with the dynamic flow model we have determined that placing a narrow-internal diameter restrictor at the end of the first dimension column is highly beneficial. Figure 5 (see page 12A) shows the dynamic flow model output from a PFM-GC×GC device, which employs the same modulator design, modulation timing parameters, and carrier gas flow rates as those already discussed in Figure 4 with the exception that the last 0.5 m of the first dimension column assembly is changed from 0.25 mm i.d. to a 0.5 m × 0.10 mm i.d. flow restrictor. Although the flow slows in the last 3 m of the first dimension column assembly, the flow is only reversed (stopped) in the restrictor tubing. The original flow rate of 0.3 mL/min is rapidly regained following the modulation pulse. An additional benefit of the restriction is a substantial amount of the pressure drop in the first dimension column assembly is in this restrictor, so it is possible to change the length of the first dimension separation column without having any impact on the modulator performance.
The addition of the restrictor at the end of the first dimension column was a critical breakthrough in this investigation because extension of this concept eliminates the inherent modulation frequency inflexibility of PFM-GC×GC. In fact, by simply making an appropriate change to the first dimension carrier gas flow rate and incorporating an additional restrictor, it is possible to increase the modulation period substantially. Table II suggests a series of operating parameters determined using the dynamic flow model program that are required for correct modulation between 3 s and 9 s. The first dimension carrier gas flow rate and the additional restrictor dimensions are shown in bold typeface because these are the only parameters that require adjustment. All other parameters are constant. This represents a significant improvement in timing flexibility compared to equivalent systems without a post-column restrictor in the first dimension. Conditions for longer modulation periods have been determined in silico, but the SciElex timer used in the present study is configured for a maximum of 9 s so longer modulation periods are not reported in Table II . Obviously, by using very low volumetric flow rates in the first dimension column there will be concomitant loss of separation efficiency in the first dimension column. Our recommendation is therefore to employ a narrower first dimension column.
The appropriateness of the parameters shown in Table II were * Different modulation periods employed using the same device. The only modifications required are the additional restrictor column at the end of the first dimension column assembly and a change in first dimension carrier gas flow rate. † If a split transfer line is used the flow in the second dimension column and the split transfer line is 7. tested and confirmed experimentally. A typical PFM-GC×GC separation of SAB using 3 s modulation is shown in Figure 6 (see page 12A), and the two-dimensional separation space for a typical result using 9 s modulation to analyze the same SAB sample is presented in Figure 7 (see page 12A). The scale used for both chromatograms ranges from the lowest baseline response to 10% of the most intense peak in each separation. The similarities of the chromatograms highlights that the integrity of the modulation system is maintained despite tripling the modulation period. The appearance of the first dimension peak tailing in Figure 7 is put down to the low flow, exacerbating poorly swept volumes in the tee pieces used to construct the modulator and the low proportion of flow from the valve passing through tube "a" compared to the large flows through tube "a". It is likely that by using dedicated equipment in place of the universal teeunions employed in the present investigation the tailing caused by poorly swept union fittings may be improved.
Conclusion
The dynamic flow model described here is a very useful tool for designing a PFM-GC×GC system. By performing a detailed investigation of the flow through a PFM-GC×GC system, several key observations have been made. First, the use of a symmetric flow path PFM-GC×GC design reduces valve actuation-induced flow perturbations at the detector and leads to a more stable baseline. Second, inclusion of a narrow internal diameter retention gap prior to the first dimension column and a narrow internal diameter restrictor at the end of the first dimension column are highly desirable additions to the PFM-GC×GC column ensemble because they lead to a generally more stable and robust system. Third, the narrow internal diameter restrictor column at the end of the first dimension column provides a substantial increase in modulator flexibility in terms of making the system amenable to a wider range of modulation times. Extreme changes in modulation time may need an adjustment to the length and/or internal diameter of the restrictor. A copy of the dynamic flow model program will be made available by the authors (email requests to the corresponding author). 
